Recently, there has been a trend toward less turbid water and greater light penetration in parts of western Lake Erie. This could lead to greater phototoxicity from sediment-bound polycyclic aromatic hydrocarbons. To test photosynthesis as a bioindicator of contaminant impacts on algae, water samples containing natural assemblages of phytoplankton were collected from the western and central basins of Lake Erie. These samples were incubated with 0.2 to 2 mg L ؊1 anthracene or its photomodi5ed product 1,2-dihydroxyanthraquinone for 60 min in darkness or in 50% sunlight, to mimic exposure of phytoplankton in the photic zone of a mixed water column. Photosynthetic e7ciency was determined from 5ltered phytoplankton immediately after exposure using a pulse-amplitude modulated chlorophyll 6uorometer. Phytoplankton incubated with chemicals in the dark demonstrated chlorophyll 6uorescence values similar to those of controls. However, exposure to anthracene or 1,2-dihydroxyanthraquinone in sunlight diminished photosystem II photosynthetic e7ciency and photosynthetic quantum yield in a concentration-dependent manner. Anthracene inhibited photosynthesis at lower concentrations than 1,2-dihydroxyanthraquinone, which is consistent with the di4erent modes of action and toxic strengths of these two contaminants. These results demonstrate that phytoplankton in Lake Erie can be subject to phototoxicity from intact and photomodi5ed polycyclic aromatic hydrocarbons after very short exposures. Further, chlorophyll 6uorescence was found to be an e4ective bioindicator in the 5eld for this form of chemical stress.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are a class of ubiquitous environmental contaminants for which toxicity is substantially enhanced by absorption of light, especially ultraviolet (UV) radiation (Oris and Giesy, 1985; Huang et al., 1993; Ankley et al., 1994; Arfsten et al., 1996; McConkey et al., 1997) . The acute toxic mode of action of PAHs has generally been attributed to light-mediated production of destructive singlet oxygen, peroxides, and hydroxyl radicals in the membranes of the organism following uptake into the tissue. However, for many PAHs, absorption of light results in photooxidation of the PAH to complex mixtures of photoproducts consisting primarily of quinones, hydroxylated quinones, and benzoic acids (Ren et al., 1994; McConkey et al., 1997; Mallakin et al., 1998) . Photomodi"ed PAHs are more soluble in water and can thus be more bioavailable to aquatic organisms than the parent compound . Photomodi"ed PAHs (generally oxyPAHs) are also often more reactive and acutely toxic than parent PAHs (Nikolaou et al., 1984; McConkey et al., 1997; Mallakin et al., 1998) , and are toxic to plants , bacteria , and invertebrates (Duxbury, North, McConkey, and Greenberg, in preparation) . A mode of action of these compounds is inhibition of photosynthesis and respiration (Tripuranthakam et al., 1999) .
PAHs have been detected at high concentrations in water and sediments from various contaminated sites in Lake Erie. Although atmospheric deposition contributes to PAH input into Lake Erie, major sources are the out#ow of the Detroit River (Kelly et al., 1991) and other point sources of emission on the lake (Eadie et al., 1982; Metcalfe et al., 1997) . Total PAHs in sediment of the Detroit River have been found in high concentrations (Furlong et al., 1988) . At less grossly contaminated locations on the lake, total PAHs in sediment were 1}3 g g\, and individual PAHs such as #uoranthene reached concentrations as high as 0.6 g g\ (Eadie et al., 1982) . PAH concentrations in sediments from these sites exceed aqueous solubility limits (De Maagd et al., 1998) and supply PAHs to the aqueous phase at their solubility limits. However, because PAHs are hydrophobic, they are generally associated with suspended particles (Baker and Eisenreich, 1989) , and may concentrate in the membranes of phytoplankton.
Over the past two decades, parts of Lake Erie have become less turbid, due to diminished inputs of phosphorus as well as colonization of the lake by zebra mussels (Holland, 1993; Nicholls and Hopkins, 1993; Charlton, 1994) . As a result, light penetrates deeper into the water column in parts of the western basin and near-shore areas, compared to previous years (Charlton, 1994) . Elevated light levels would be expected to enhance photoinduced toxicity from PAHs taken up by aquatic organisms. As well, because photomodi"ed PAHs are usually more soluble in water than their intact parent PAHs, one implication of an increased light environment may be liberation of sedimentbound PAHs to the water phase as oxidized PAHs. The greatest increases in aqueous photomodi"ed PAH concentrations would be expected to occur in the vicinity of point sources of contamination in the west basin of Lake Erie, where PAH concentrations are highest and sediments are closer to high solar #uence rates at the water surface. For aquatic organisms such as phytoplankton that cannot avoid sunlight, elevated levels of oxyPAHs and greater light exposure may produce higher risks of stress.
A current challenge in ecotoxicology is the ability to detect PAH-induced stress in natural aquatic settings. Because the photosynthetic apparatus is located in the hydrophobic thylakoid membranes of algae, photosynthesis is a primary target for acute PAH toxicity via membrane oxidation (Newsted and Giesy, 1987; Krylov et al., 1997) . Chlorophyll #uorescence is a rapid and highly sensitive technique for measuring electron transport and estimating photosynthetic e$ciency. This tool has been used to detect PAH impacts in the laboratory (Gensemer et al., 1996; Huang et al., 1997) and in outdoor mesocosms (Marwood, Solomon, and Greenberg, in preparation) , as well as the e!ects of UV in the "eld (HaK der, 1997; Marwood et al., 1999) . To use this technique as a more general bioindicator of environmental impacts, it is crucial to test its ability to detect chemical stress in the "eld. This study is a "rst attempt to use pulse-amplitude modulated (PAM) chlorophyll #uorescence to examine the impacts of anthracene (ANT) and its photoproduct 1,2-dihydroxyanthraquinone (1,2-dhATQ) on natural assemblages of phytoplankton in a "eld setting (on Lake Erie). Experiments were undertaken to determine whether the e!ects of chemical contaminants on photosynthetic electron transport could be detected and distinguished from inhibition of photosynthesis due to sunlight.
METHODS AND MATERIALS
Experiments were performed aboard C.C.G.S.¸imnos during a survey cruise of Lake Erie between 28 August and 1 September 1997. At each station a 1-L water sample was concentrated onto glass "ber "lters (GF/F; Whatman, Spring"eld Mill, UK) and frozen for analysis of chlorophyll. Frozen "lters were extracted by grinding in cold 90% acetone and chlorophyll was measured by #uorescence (Turner Designs, Designs 10-AU, Sunnyvale, CA). Vertical pro"les of temperature, oxygen concentration, conductivity, and in vivo #uorescence were recorded using a Seabird pro"ler. Turbidity was measured using vertical pro"le casts of a 0.25-m path length transmissometer. Water for toxicity experiments was taken using Niskin bottles from 5 m depth in the early morning and stored in the dark. Due to the nature of the cruise, it was not possible to obtain true replicates, so experiments were instead repeated using phytoplankton from di!erent stations on the lake.
Stock solutions of 2 g L\ of anthracene or 1,2-dhATQ (Sigma Chemical Co., St Louis, MO) were made by dissolving the pure chemicals in reagent grade dimethylsulfoxide (DMSO; Aldrich Chemical Co., Milwaukee, WI). Chemicals were delivered to phytoplankton by diluting stock solutions to the appropriate concentration in 200-ml water aliquots in polyethylene sandwich bags (Glad, First Brands Corp., Scarborough, Ontario). The concentration of DMSO in dark-and light-exposed water samples was (0.1% (v/v). Control samples without PAHs were incubated with 0.1% DMSO (v/v). Lack of phytotoxicity in the polyethylene bags under sunlight exposure was previously determined (Greenberg and Marwood, unpublished results). Samples were incubated with individual chemicals for 30 min in the dark to allow uptake into the phytoplankton cells, and then either kept in the dark or exposed to sunlight for 60 min on the deck of the ship in exposure boxes. Exposure boxes were constructed of UV-transparent Plexiglas, but were screened with polyester "lm (Mylar-D, 0.08 mm, Johnston Plastics) which removed UVB (295}320 nm) and one layer of black window screen which removed 50% of all wavelengths. Samples were maintained at surface water temperatures by circulating lake water through the exposure boxes. 
FIG. 2.
Representative pulse amplitude modulated chlorophyll-a #u-orescence scans of Lake Erie phytoplankton exposed to 50% sunlight for 60 min without anthracene (A) or with 1 mg L\ anthracene (B).
Immediately following exposure, phytoplankton were concentrated onto glass-"ber "lters (GF/C; Whatman, Spring"eld Mill, UK) under low vacuum and dark-adapted for 30 min on moist "lters. Chlorophyll #uorescence was measured using a pulse-amplitude modulated #uorometer (PAM-101, Walz, E!eltrich, Germany) (see Fig. 2 ). Initial #uorescence (F ) was measured with a weak ((1 mol m\ s\) modulated red light. Dark-adapted maximum #uorescence (F ) was induced with a saturating ( '3400 mol m\ s\) white light 0.6 s in duration. The maximum e$ciency of PSII, F /F , was calculated as (F }F )/F . Following 15 min illumination under 40 mol m\ s\ actinic light from a halogen lamp, steady-state #uorescence (F ) and light-adapted maximum #uorescence (F ) were determined. The e!ective quantum e$ciency of PSII photochemistry was calculated as F/F " (F !F )/F . The #uorescence ratios obtained from phytoplankton on moist "lters remained stable for at least 24 h in the dark.
RESULTS
Water was sampled from two sites (stations 337 and 961) on Lake Erie on 30 and 31 August 1997 (Fig. 1) . Station 337 in the west basin is characterized by high turbidity from suspended solids and high phytoplankton density due to nutrient loading. Vertical temperature, #uorescence, and turbidity pro"les indicated a well-mixed water column to 7 m. The chlorophyll-a concentration was 3.01 g L\ at 5 m depth. Station 961 in the central basin of the lake is deeper and has lower turbidity. The water column at this station was well mixed to 5 m, and the chlorophyll-a concentration at 5 m depth was 2.35 g L\. Previous experiments have found that photosynthesis can be accurately measured from lake water samples with comparable Chl levels (Marwood et al., 1999) .
Natural assemblages of phytoplankton from station 337 unexposed to sunlight demonstrated typical phytoplankton values for F /F (0.432) and F/F (0.360) (Fig. 3) , indicating normal e$ciency of electron transport in phytoplankton at this station. Control samples incubated in sunlight had F /F and F/F values only slightly lower than the dark controls, suggesting that inhibition of photosynthesis from light alone (photoinhibition) was minor under these conditions (Fig. 3) .
Incubation of phytoplankton from station 337 with anthracene in sunlight substantially diminished variable #uor-escence (F !F ) (Fig. 2) . In phytoplankton exposed to 1 mg L\ ANT in 50% sunlight for 60 min in mid-afternoon, variable #uorescence was diminished almost to zero, resulting in very low values for both F /F and F/F (Fig. 3) . The e!ects were concentration-dependent with almost complete inhibition in algae exposed to 1 mg L\ ANT. Phytoplankton exposed to 1,2-dhATQ were inhibited less than those exposed to ANT, with F /F and F/F dropping only slightly below the value of the light control, even at the higher of the concentrations. Exposure of phytoplankton in the dark to ANT or 1,2-dhATQ at 1 or 2 mg L\ resulted in no inhibition of #uorescence parameters (Fig. 3) .
To better characterize the concentrations of PAHs required to inhibit photosynthesis in vivo, the exposures were repeated using phytoplankton from station 961, with lower concentrations of ANT and higher concentrations of 1,2-
Inhibition of photosynthetic electron transport in Lake Erie phytoplankton exposed to ANT or 1,2-dhATQ in sunlight. Water sampled from 5 m depth at station 337 was incubated with each PAH at the concentrations indicated in darkness for 30 min. Samples were kept in darkness (solid bars) or exposed to sunlight for 60 min (open bars). The photosynthetic parameters F /F and F/F were measured from phytoplankton concentrated onto "lters using PAM chlorophyll #uorescence.
FIG. 4.
Inhibition of photosynthetic electron transport in Lake Erie phytoplankton from station 961 exposed to ANT or 1,2-dhATQ in sunlight. Samples were kept in darkness (solid bars) or exposed to sunlight for 60 min (open bars). The photosynthetic parameters F /F and F/F were measured from phytoplankton concentrated onto "lters using PAM chlorophyll #uorescence.
dhATQ. Similar to the "rst experiment, control phytoplankton incubated in sunlight without chemical demonstrated only moderate inhibition of electron transport due to sunlight (Fig. 4) . F /F values were diminished approximately 40% compared to dark controls, and F/F values were diminished slightly. In phytoplankton exposed to 0.2 mg L\ ANT in sunlight, photosynthesis was inhibited to about 50% of the control value (Fig. 4) . The response was concentration-dependent, with inhibition of F /F and F/F K at 0.5 mg L\ greater than at 0.2 mg L\. Photosynthesis in samples exposed to ANT in the dark was not impacted with respect to the dark control. Phytoplankton assemblages exposed to 1 and 2 mg L\ of 1,2-dhATQ in sunlight had diminished chlorophyll #uorescence parameters, and the response was concentration-dependent. Both F /F and F/F were diminished to about half the value of sunlight-exposed controls at 2 mg L\. F/F in samples exposed to 1,2-dhATQ in the dark were also slightly diminished at this concentration (Fig. 4) .
DISCUSSION
Photosynthetic electron transport in Lake Erie phytoplankton was inhibited by exposure in the light to the intact PAH anthracene and the oxyPAH 1,2-dhATQ with di!erent e$cacy. The concentration of chemical required to inhibit F /F was greater for 1,2-dhATQ (EC &2 mg L\) compared to ANT (EC (0.2 mg L\). This di!erence was not due to aqueous solubility, since 1,2-dhATQ is the more water soluble of the two chemicals. Rather, the intact PAH and the oxyPAH used here may have di!erent modes of action within the phytosynthetic apparatus. ANT is an e$cient photosensitizer, which is also rapidly photooxidized to a variety of toxic products Mallakin et al., 1998) . For ANT, acute toxicity to photosynthesis required the presence of light, which is consistent with the production of radicals as the primary mode of action of this PAH.
In contrast with ANT, where sunlight was required for toxicity, exposure to 1,2-dhATQ caused moderate inhibition of F/F in phytoplankton in the dark at 2 mg L\ (Fig. 4) . The observed toxicity of 1,2-dhATQ in the dark is consistent with a mechanism of toxicity other than the production of free radicals. 1,2-dhATQ has a structure similar to that of plastiquinone, the molecule that carries electrons from photosystem II (PSII). Other molecules similar in structure to 1,2-dhATQ inhibit electron transport directly by blocking PSII, or between PSII and photosystem I at cytochrome-b/ f (Oettmeier et al., 1998; Karukstis et al., 1990) . Indeed, it was found that photomodi"ed ANT, a mix of mostly anthraquinone and hydroxyanthraquinones, inhibits photosynthesis downstream of PSII . In animal mitochondria, 1,2-dhATQ inhibits electron PAHs INHIBIT PHOTOSYNTHESIS IN LAKE ERIE PHYTOPLANKTON transport at cytochrome-bc, which is highly similar to cytochrome-b/f in plants (Tripuranthakam et al., 1999) .
The short exposures used in this study, combined with a 50% solar #uence rate, approximate the conditions experienced by phytoplankton in a shallow mixed water column such as Lake Erie. The concentrations of PAHs used in this study were higher than aqueous concentrations found in Lake Erie, which was necessary in order to achieve complete concentration-dependent responses. While natural assemblages of lake phytoplankton would rarely be exposed to such high PAH concentrations, the results from short exposures used here imply that lower chemical concentrations combined with longer exposures, likely to be experienced in the environment, might have negative impact on phytoplankton. Greater penetration of light into Lake Erie has the potential to increase the concentration of photomodi"ed PAHs liberated from sediment contaminated with PAHs, and increase photoinduced toxicity due to higher light levels in the photic zone. The long-term impact of greater toxicity from PAHs in Lake Erie will also depend in part on whether phytoplankton have the ability to recover from exposure to PAHs.
A key "nding of this study is that PAM #uorescence can be used as a bioindicator of chemical toxicity in a "eld setting. This complements a study in which we demonstrated that the PAM #uorometer could detect the direct impact of UVB on photosyntheis of Lake Erie phytoplankton (Marwood et al., 1999) . Strikingly, the parameters impacted by UVB were di!erent from those a!ected by PAHs. F /F was impacted more by UVB radiation and F/F was impacted more by PAHs. This, it is believed that this chlorophyll #uorescence bioindicator will be revealing of environmental impacts on aquatic biota, and may be capable of distinguishing the e!ects of di!erent environmental stressors.
CONCLUSIONS
Electron transport was inhibited in natural assemblages of phytoplankton from Lake Erie exposed to anthracene or its photomodi"ed product, 1,2-dihydroxyanthraquinone. The chlorophyll #uorescence parameters F /F and F/F were diminished in a concentration-dependent manner in phytoplankton incubated with the chemicals in sunlight. Greater toxicity was observed for ANT compared to 1,2-dhATQ, which is consistent with di!erent modes of action for these two PAHs. These results indicate that chlorophyll #uorescence is a suitable "eld bioindicator for phytoplankton stress from PAHs.
